The literature on band gap materials has grown exponentially since 1987. The accompanying figure, taken from Dowling' Many of the primary applications of photonic crystal structures are in the optical frequency range (400nm to 10 gim). Two-dimensional structures -both photonic crystal fibers and planar, integrated photonic circuit elements, have attracted a great deal of attention. Because of the potential to limit the phase space for the optical decay of excited atoms, three-dimensional photonic crystals have attracted significant interest for basic physics investigations.
Designing and fabricating structures on the scale of fractions of a gm, especially in two or three dimensions, requires precision equipment and careful assembly. For research purposes, many investigators chose to test their concepts at the more convenient and forgiving scale of short wavelength radio frequencies -millimeter waves or microwaves. Thus, in their early paper on face-centered-cubic photonic crystal structures, Yablonovich and Gmitter 7 constructed and evaluated a number of models for fcc structures, on the microwave scale (1-20 GHz), using an array of spherical voids (filled with air) in a matrix of low-loss dielectric (microwave refractive index = 3.5). Three-dimensional arrays could be fabricated using conventional machining techniques. Thus, empirical investigations, involving cut-and-try experimentation, could be carried out quickly and at reasonable cost to prove concepts and design materials for use in the optical regime. Regarding operating in the microwave regime, the authors commented:
"We have elected to do our initial experimental work at microwave frequencies, where the periodic dielectric structures can be fabricated by conventional machine tools. Furthermore, this has enabled us to use sophisticated microwave homodyne detection techniques to measure the phase and amplitude of the electromagnetic Bloch functions propagating through the 'Photonic Crystal'." -2-Operating at microwave frequencies not only offers advantages in terms of simpler fabrication, but also of real practical applications. As we shall see, photonic crystal structures can be used to improve the directionality of antennas, reduce surface losses, and otherwise improve the radiation efficiency of microwave devices. Similarly, it was quickly recognized that photonic crystals had applications for Terahertz (THz) waves, with wavelengths in the range of 10-1000 gim. Manufacturing technique in this range of dimensions have been developed for MEMS devices, and can be applied to the construction of two and three-dimensional photonic crystals for THz applications.
Although not governed by Maxwell's equations, acoustical, elastic and seismic waves all exhibit the phenomena of diffraction, scattering, and interference. Sound speeds vary from 330 m/s in air to 12,900 m/s in beryllium, so wavelengths in the audible range (10-20,000 Hz) are measured in cm to meters. Phononic crystals (the acoustical analogue of photonic crystals) in this frequency range are large devices. However, in the ultrasonic range, with frequencies of 100 kHz to 10 Mhz, wavelengths are again in the range of 100 gtm to a few cm in most materials.
In this report, we will consider applications of photonic (phononic) crystal structures to microwave, mm-wave, and THz electromagnetic waves, and acoustic and ultrasonic waves. We will briefly discuss recent experiments relating to seismic and water waves as well.
II. Basic Principles
Photonic crystals are periodic structures with a period comparable to the wavelength of the propagating wave. If the wavelength is much longer than the period of the crystal, the interaction of the wave and the material can be treated using an average index approximation. If the wavelength is much shorter than the crystal period, scattering can occur at the interfaces, but resonant scattering can only occur if the coherence length of the wave is significantly greater than the crystal spacing. The special properties of photonic crystals, especially the appearance of "stop bands"' in which waves of a certain frequency cannot propagate, arise from the interference of waves scattered from a succession of equally spaced interfaces.
For purposes of illustration, it is useful to consider a scalar wave propagating in a onedimensional periodic structure. The wave propagates according to the scalar wave equation, which, for a monochromatic wave of frequency co, is:
Here n is the refractive index of the medium, and c/n is the local wave velocity. If the medium is periodic, the wave function f must take the form of a Blochl° mode,
The Bloch mode expresses the fact that, apart from a phase factor, the wave function is invariant under translations of an integer multiple of the lattice spacing. Thus the problem is completely described by the solution in a single "unit cell." For a given frequency co, the propagation factor K is uniquely specified, giving rise to a dispersion relation, K(O). In the accompanying figure, the wave velocity in region I is c/ni, and is region I1 is c/n 2 , and the propagation constant is ki = n, cr/c in region I and k 2 = n 2 (0/c in region II. Introducing the following symbols:
At frequency (o, the dispersion relation K(o)) becomes:
Cos Kd = (cos A)(l + TI) -rl cos 8 (4) where:
It is immediately apparent from Eq. 4 that waves cannot propagate through the structure unless (-1 <cosKd <1). The first gap in the spectrum of propagating frequencies occurs when A -a, at which point cos A = -1 and cos Kd < -1. Subsequent band gaps appear at each resonance, where A -n 7r. Fig. 3 shows a typical band structure for the KP model. The vertical axis is in units of A, which is proportional to the signal frequency. Stop bands are indicated by solid lines along the vertical axis.
-4- . A detailed analysis of the Kronig-Penney model has recently been published that includes a discussion of both longitudinal and transverse propagating modes and the effects of off-axis incidence. Fig. 3 shows only the first two stop bands of the KP model. Much more complex diagrams are obtained for multi-dimensional structures. It is customary to display the dispersion relation in a two-dimensional plot showing the frequency vs. the magnitude of the Bloch k-vector for various directions in the crystal, as is shown in Fig.4 . This kind of diagram is widely used to explain electronic conduction in crystals. Fig. 4 shows the dispersion diagram for a two-dimensional structure14 with a square lattice. We see that there are ranges of frequencies in which there is no propagating mode in any direction, i.e., a complete band gap. At other frequencies, there are certain directions in which propagation in the crystal is forbidden, but allowed in other directions. The structure of the dispersion relation is made clearer by showing the three dimensional dispersion surfaces, as in Fig 5. The stop band in the range (0.4<(oxd/2I2c)<0.5) is clearly observable. It is also dramatically clear that in certain directions in the crystal, the group velocity, V k(0)), can be zero or negative. Due to the strong variation of group velocity, especially near the edge of the stop bands, waves in photonic crystal structures can display a 15 wide variety of esoteric propagation characteristics . The band structure shown above is idealized, and only applies strictly to periodic structures of infinite extent. In reality, radiation will not be completely blocked in the stop bands, due to the effects of the finite extent of the lattice, and also of the presence of defects and imperfections in the structure. As with electrons in semiconductor materials, new phenomena arise due to these effects. For example, defects can give rise to localized allowed modes in the midst of a forbidden band. Impurity and defect modes are discussed in various parts of Ref 11. In what follows, we will not go into detail concerning computational methods. Simply stated, there are two commonly used approaches to modeling photonic crystal structures. Both start with the "Master Equation," which for electromagnetic problems is obtained from Maxwell's equations as:
where Maxwell's equations have been written in the frequency domain. For acoustics problems, the master equation is written:
As in the Kronig-Penney model, we invoke the Bloch theorem, and look for solutions that are periodic in space, with a periodicity given by the functional form, exp(ik.r). Then we seek the dispersion relation in the form co (k). The dispersion relation is an expression of the eigenvalues of the master equation as k is varied over all directions in the crystal. To obtain the eigenvalues, the master equation is usually converted to a variational problem and solved by conventional matrix methods. The calculation is straightforward, but requires a large number of basis functions to obtain the band structure accurately.
The other approach is to view the master equation as a propagation problem in the time domain, and solve the initial condition problem for the geometry under investigation. This method is more suited to analysis of finite structures and structures containing defects. The most common method used to solve the propagation equation is the Finite Difference Time Domain (FTDT) method. A summary of various computational methods can be found in the book ' 6 ,
Electromagnetic Applications of Photonic Band Gap Materials and Structures.
A general analysis of wave propagation in periodic structures has been carried out ' 7 by Economou and Sigalas, in Greece. They contrast the two possible topologies of band gap materials, a) Cermets, in which the scattering medium (low-velocity) is distributed in isolated inclusions surrounded by the host medium (high-velocity), and b) Networks, in which the scattering medium inclusions are connected, and form a continuous network throughout the host material. The two topologies are analyzed for both the electromagnetic and acoustic master equations. For acoustic (and elastic) waves, they find that the cermet topology is more favorable for the formation of spectral gaps (stop bands), whereas for the electromagnetic case, the network topology is more favorable. They offer general rules relating the fractional bandwidth of and the upper frequency of the first stop band to the fill factor and velocity ratio of the two media.
If. Microwave Applications
Because of the difficulties in fabricating photonic crystal structures at the scale of an optical wavelength, much of the experimental work has been done using microwaves. At microwave frequencies (3-300 GHz) wavelengths are measured in cm or nmm, so conventional machining techniques can be used to fabricate components. Dielectric materials exhibit high refractive indices at these frequencies, and additionally, metallic components can be used, adding another dimension to the design space. In addition, structure can be added to the individual elements of a -7-photonic crystal array, so that each component of the array becomes a circuit element, with an adjustable capacitance and inductance.
An extensive review of potential microwave applications of band-gap materials can be found in a special issue of Transactions on Microwave Theory and Techniques published in 1999. In that publication, Dan Sievenpiper1 8 et al discussed the improved performance of a microwave antenna mounted above a photonic crystal ground plane. In the band gap of the photonic crystal, the surface impedance of the ground plane is very high, suppressing surface currents, and eliminating multipath interference and backward radiation. The authors constructed their ground plane as a two-dimensional array of lumped-circuit elements, as is shown in Fig 6. Three-Layer Highb.Impedance Surface In experiments with both monopole and patch antennas, significant differences were observed between the radiation pattern with a flat metal ground plane and a high-impedance, structured ground plane. Within the stop band of the ground plane, the radiation pattern is smoother, due to the suppression of multipath interference from surface waves. The radiation is also more directional, with at least 10 dB reduction in the backward direction. Outside the stop band, antenna performance is the same with either ground plane.
Sievenpiper et al also addressed a very practical problem of backward radiation from cell phones. They modeled the head of a cell phone user by a jar of tap water of 15 cm diameter and 20 cm tall. A ground plane was paced between a cell phone antenna and the water. Using a flat metal sheet as the reflector is impractical, because it must be spaced one-quarter wavelength from the antenna to avoid interference. A high-impedance plane, however, can be located directly adjacent to the antenna, and strongly suppresses radiation in the back direction, and surface current leakage to the back of the plane. Without the high-impedance back plane, the cell phone user can absorb as much as half the cell phone radiation. Independent of any supposed health effects, this represents a significant loss of efficiency for the cell phone. However, this energy is regained by inserting the high-impedance plane between the user and the antenna.
Since the backward radiation is suppressed, the forward gain of the antenna is increased by 3 dB.
-8-Cell phone manufacturers have not adopted the practice of using a high-impedance back plane to shield cell phone users, however 19 . Apparently, they concluded that it would add an unacceptable amount to the cost and size of cell phones.
Several other authors have explored the use of high-Z surfaces to improve antenna performance 2 0 ' 21 . As the authors of Ref 19 point out, "The microstrip patch antenna is a very popular design, because of its low profile, it can be non-planar, is easy to manufacture, and is inexpensive and robust." Patch antenna performance, however, is limited by surface wave losses and interference. The use of a band-gap material to create a high-impedance back plane allows the antenna to be placed directly on the back plane, to make a more compact package. Suppression of the surface current leads to a more directional radiation pattern, and suppression of side lobes due to interference.
Gonzalo et at 2 2 tested the performance of a patch antenna mounted directly on a photonic crystal substrate formed by a square array of air columns embedded in a dielectric matrix. (see Figs. 7 and 8) . The performance of this configuration was compared to that of the same antenna mounted on a conventional dielectric substrate. The band gap of the photonic crystal substrate extended from 13.5 GI-z to nearly 16 GHz. Tests were conducted at a frequency at which the surface wave mode is added in opposite phase to the antenna, leading to a reduced gain in the boresight direction. This cancellation effect was almost completely eliminated by using the photonic crystal substrate, and the boresight gain was increased by more than 6 dB. The observed radiation pattern was smoother, and the side lobes were reduced. As long as operation was confined to frequencies within the band gap, the radiation pattern did not vary with frequency, whereas with the conventional substrate, strong variation was observed. This is to be expected, since in this case, the radiation pattern is strongly affected by interference effects, which change with frequency.
Lin et al 23 found further improvement by placing a photonic band gap cover over the patch antenna. In the band gap, the radiation cannot propagate across the cover. The field distribution on the cover surface is quite uniform, and the cover acts like an extended aperture antenna, reducing the angular divergence of the emitted radiation. For an aperture area of 145 mm x 145 mm, operating at 2.3 GHz, the bare patch antenna produced a directivity of 4.3 dB. Adding a band-gap back plane raised the directivity to 5.0 dB. Adding the photonic bandgap cover raised the directivity to 10.4 dB, close to the theoretical limit of 12.0 dB for the aperture size.
Recently, Sievenpiper 2 4 et al have described an electronically steerable antenna created by covering a metallic ground plane with a periodic band-gap structure. By incorporating varactor diodes into the structure, they have built a tunable impedance surface, in which an applied bias voltage controls the resonance frequency and the reflection phase. The surface can be programmed to create a tunable phase gradient, which can electronically steer a reflected beam over + 400 in two dimensions, for both polarizations. This type of resonant surface texture can provide greater bandwidth than conventional reflectarray structures, and offers a low-cost alternative to a conventional phased array A further advantage of the high-impedance substrate was pointed out by Yang and RahmatSamii 25 . They mounted two microstrip antennas on a common substrate, and measured the mutual coupling, with and without a band-gap structure between them. The band gap structure was similar to that shown in Fig. 6 , above. With no band-gap structure between the antennas, mutual coupling was -16.8 dB. With the band-gap strip inserted between the antennas, the mutual coupling was reduced to -24.6 dB. These experimental results were in good agreement with numerical simulations. The simulations also showed that if the antenna was operated at a frequency outside the stop band, the band-gap structure was not effective in reducing the mutual coupling. The authors propose that this technique could be effective in improving the performance of microstrip antenna arrays.
The high-impedance substrates described above entail construction of a three-dimensional structure, either by drilling holes in a dielectric slab, or by covering the surface with an array of thumbtack-like metallic pedestals. These can be readily fabricated using printed circuit board technology, but added steps in fabrication lead to added cost. A recent paper26 shows that bandgap materials can be fabricated by depositing an array of metallic elements on the surface of a dielectric substrate. Each element can be tailored for a specific inductance and capacitance. The use of a periodic network of LC elements shortens the wavelength (slows the propagation velocity) of the propagating wave, leading to a more compact structure. The resulting planar structure offers the advantage of compatibility with standard planar circuit technology. Effective band-gap performance was observed in the frequency range around 10 GHz. This structure was recently shown 27 to be effective in reducing ground-bounce noise, which is a major concern for high-speed digital circuits.
-10-Professor Ekmel Ozbay and his colleagues at Bilkent University in Turkey have carried out an extensive program of research on microwave applications of band-gap structures 28 . Much of their research has made use of the "log-pile" structure 29 shown in Fig 9a. (This structure is also called a "layer-by-layer" photonic band gap crystal.) It is one of several three-dimensional structures that exhibit a "complete" band-gap, a range of frequencies in which propagation is forbidden in all directions. This particular structure has the advantage of being easy to fabricate. In this case, the structure is made of alumina rods separated by air. As is shown in Fig 9c, a band-gap is observed for frequencies from 10 to 16 GHz. Removing either a rod or a plane from the stack creates a defect in the crystal structure, and a new, narrow pass band is associated with the defect, as is seen in Fig 9d. Using this structure, Professor Ozbay's group demonstrated both linear and L-shaped waveguides for microwaves in the 10-13 GI~z range. As expected the waveguides are highly dispersive near the band edges, and the L-shaped guide only transmitted 35% of the incident radiation.
They also demonstrated an alternative means of guiding waves through band-gap material, by creating a series of localized defect modes, as is shown in Fig 10. Here propagation takes place by "hopping" from defect to defect, very much like tunneling through a succession of potential wells. Full transmission was observed from 11.5 to 12.6 GHz for both the straight and bent tunneling wave guides shown in Fig. 10 . The efficiency of these so-called "coupled cavity waveguides" is reduced by structural imperfections. In a previous publication 30 Ozbay et al have also shown that highly directional radiation can be obtained from radiation sources embedded within a band-gap crystal31. They observed that the radiation pattern from a monopole antenna embedded within a band-gap crystal is narrowest at the upper band edge, and that the radiation pattern is sensitive to the number of layers in the photonic crystal structure, with the optimum crystal size different for different operating frequencies.
Other applications of band-gap materials in microwave devices include construction of high-Q resonators32 and wide field-of-view spectral filters 33 . In Ref 31 , the authors show that a narrowband spectral filter with a wide field of view can be constructed by stacking silicon gratings separated by air gaps to form a photonic crystal, and then inserting a defect layer in the center of the stack, which is similar to the grating layers, but with a different period and thickness. When the defect layer period is twice that of the grating layers, the center frequency of the filter is essentially constant over a ± 600 range of angle of incidence. For comparison, when the defect period equals the grating period, the center frequency varies by 5% over the field of view, which is 4 times the filter bandwidth. This approach could enhance the sensitivity of wide-field microwave detectors.
An extensive review of microwave and mm-wave applications of electronic band-gap materials was recently published by Peter de Maagt et al of the European Space Agency 34 . They discuss applications to array antennas, high precision GPS, mobile telephony, wearable antennas and diplexing antennas. They point out that since most fundamental components will soon be -12-available using band-gap technology, "a fully integrated receiver could be developed ... and true integration of active and passive band-gap components can now begin to materialize." Of the several important applications for band gap structures that have been identified and demonstrated, the one nearest to practical use is for conformal antennas, making use of a highimpedance ground plane. Other variants on antenna design attractive for near-term application are highly steerable antennas and antennas embedded in clothing 35 . Fabrication of microwave band-gap structures is attractively simple, and the capacitance and inductance of individual elements can be tailored easily. Band-gap structures are compatible with millimeter wave integrated circuits.
IV. Terahertz Applications
The term, Terahertz Radiation, refers to the portion of the electromagnetic spectrum between 300 GHz and 3 THz 36 (100-1000 prn). This region of the spectrum has not been exploited until recently, mainly because of strong water absorption over much of the frequency range, and a lack of suitable sources and detectors. There has been some scientific interest in THz spectroscopy, however. Most simple molecules have strong rotational absorption lines in this region. It is also a region of great interest to astronomers, since the radiation from interstellar dust is well approximated by a 30 K black body spectrum, which peaks at about 100 itm. Currently, THz devices are under investigation for medical imaging applications, although the applications are limited by the prevalence of water in tissue. The primary applications are in dentistry and dermatology .
The scale length of Terahertz devices simplifies the problems of fabrication and assembly for photonic crystal structures. Devices can be assembled using well-developed MEMS techniques, and can be compact and highly integrated.. Many of the applications considered parallel those in the microwave region, including improving the directionality of antennas, both in transmission and in imaging arrays. DeMaagt et al3 8 report on the improved directionality of a dipole antenna operating at 500 GHz when mounted on a "woodpile" photonic crystal with a 3-dimensional bandgap extending from 480-540 GHz.. They measured improvement from 2 dB directivity for an air-suspended dipole to 11 dB for the same dipole backed with a photonic crystal. The entire device was approximately six mm 2 in area. The ultimate objective is to assemble such devices into an imaging array.
A recent Japanese paper 39 describes a different way in which photonic crystals can enhance the process of THz generation. A common method of generating TI-Iz radiation is by beating two single-mode lasers operating with a THz difference frequency on a photoconductive antenna4. The Japanese group embedded the photoconducting antenna between two photonic crystal structures. The embedded antenna achieved a peak emission intensity of more than twice that of a bare antenna. Strong enhancement was observed near the band edge of the photonic crystal, due to the high density of states at that frequency.
As in the microwave range, metallic elements can be used with THz devices. A Scottish research group 4 1 has developed a tunable metallic photonic crystal filter for THz applications that consists of an array of movable metallic grids. Tuning is achieved by moving alternate grids sideways, changing the transverse periodicity of the array. This research is also interesting because it demonstrates some of the manufacturing techniques that can be employed in the THz and mmwave regime. The first prototype 42 of this filter was fabricated from sheets of aluminum alloy machined to a thickness of 500 Rim. The cross-sectional area of the filter, including mechanical -13-supports, was 60mm x 40mm, with a transverse grid spacing of 1.8 mm. This device was tested at 70-110 GHz (mm-wave), and demonstrated tunability of the pass-band over a range of 3.5 GHz, with an insertion loss of 1.1-1.7 dB.
The authors then fabricated and tested a similar device, but manufactured from gold-coated silicon, using conventional MEMS techniques. Since the skin depth of gold at the operating frequency (70-150 GHz) is about 0.25 pm, a coating thickness of 1.2 grm was sufficient. This device showed tunability over a range of 7 GI-z, with an insertion loss of 1 dB or less over the operating range. The authors comment that the use of MEMS fabrication techniques allow the construction of devices operating at higher frequencies (1-5 TI-z), where conventional machining techniques cannot be used. Their work also demonstrates the value of prototyping at lower frequencies.
A group at Tohuko University has recently demonstrated a novel method of fabricating photonic crystals for THz applications 43 . They fabricated 300 jim-diameter copper spheres, and packed them into an fcc structure on a graphite base. The spheres were lightly sintered to form "necks" between adjacent spheres, constructing a three-dimensional template for an inverse photonic crystal. The interstitial spaces in the template were filled with a dielectric epoxy resin. After the resin was cured, the copper spheres were etched away, leaving a regular array of air holes in the epoxy matrix. The resulting structure exhibited a 160-GHz-wide stop band around 500 GHz in the [ 111 ] direction.
AFOSR has sponsored research on integrated optics for TI-z devices, especially at the high frequency end of the THz range. A group at the University of Delaware has demonstrated the use of a planar photonic crystal waveguide to create a compact integrated optics device operating at 30 THz (10 jim) 44 . A waveguide was created by leaving a solid stripe through the center of a two-dimensional photonic crystal., as is shown in Fig. 11 . Transmission was tested using a CO 2 laser operating at frequencies from 10.1 gtm to 10.7 Wim (28.0 -29.7 jim)., and was also modeled using a 3D-Finite-Difference-Time-Domain (FDTD) method 4 5 . Both the measured and calculated transmission are shown in Fig 12. The scatter in the experimental data is attributed partly to imperfections in the fabrication process, and partly to possible variations in the insertion loss as the input laser is tuned from line to line. The gap in data from 28.6 to 29.0 THz is due to the unavailability of laser lines at those frequencies.
-14- Although photonic crystal structures are promising for use in sources, detectors, filters, and waveguides in THz systems, they must be evaluated in comparison to competing technologies. A wide variety of THz sources have been developed 46 , including free-electron lasers, molecular lasers, quantum cascade lasers, and backward-wave oscillators. The most widely used sources of pulsed THz radiation are laser-driven emitters based on frequency down-conversion from intense sub-picosecond laser pulses. Continuous THz radiation can be generated by beating two frequency-offset laser beams on a photoconductor, as was described in Ref. 20 . Recent research has also emphasized the use of surface plasmons in THz devices. For example, Wang and MittlemannT, at Rice University have demonstrated waveguiding of THz radiation along a bare, -15-stainless-steel wire with low attenuation and negligible group velocity dispersion. Metamaterials 4 8 comprising discrete circuit elements also hold out great promise for application in the THz frequency range, and may suffer less from significant group dispoersion effects than those composed of photonic crystal structures.
Terahertz radiation represents a new area of physics and engineering research. Unlike the microwave regime, an extensive body of techmology does not already exist for THz use, so new approaches and devices do not face the same barriers to entry. The physical scale of photonic crystal structures in the THz'range is commensurate with the use of established MEMS fabrication techniques. It is very likely that in certain applications, especially those in which broad bandwidth is not required, photonic crystal devices will find significant specialized applications for THz devices. In 2002, the European Space Agency (ESA) launched a multilaboratory project called "Star Tiger" to develop Thz imaging technology based on the use of photonic crystal mirrors. The project successfully produced a prototype imaging system on a chip 49 . The THz waves were detected by heterodyning the signal down to radio frequencies, due to the lack of direct detectors. ESA has continued research on THz applications of band-gap materials, and is currently developing THz imaging arrays 50 .
IV. Elastic, Acoustic and Ultrasonic Applications
Shortly after the publication of the first few papers on Photonic Crystals (Ref. 6,7), research began on applying band-gap structures to acoustic and elastic waves 5 1 . The literature on these applications is nowhere as extensive as on photonic applications, and much of the research is carried out outside the US, with active groups in Spain, France, Taiwan, Hong Kong, Greece, South Korea and Canada. Acoustical experiments do not require as sophisticated methods or materials as microwave or optical experiments. A Spanish research group 5 2 constructed a "phononic crystal" by hanging an array of aluminum cylinders from a rotating support, and driving a speaker with a frequency generator and observing the transmission with conventional microphones. Experiments were conducted at audio frequencies (250-3500 Hz) and attenuation and phase delay were observed. Several configurations were examined, with rod diameters varying from 1 to 4 cm, and lattice spacings of 5.5 and 11 cm. in square and hexagonal lattices. The experimental results showed the expected agreement with theory, with strong attenuation within the band gap (although the data was quite noisy) and anomalous dispersion at the band edges. In addition, the authors observed "deaf bands," which were regions of frequency where sound in certain directions was trapped inside the structure for reasons of symmetry.
As in the microwave regime, the design space for elastic band gap structures is very large, with several parameters that can be chosen to determine the structure's response. Whether in two or three dimensions, the location and extent of the stop bands depends on the dimensions, sound speeds and densities of the materials used, and the internal structure of the lattice components. Thus, in an array of cylinders, the cylinders can be solid or have a hollow core, which can be filled with a separate material, or the outside of the cylinder can be coated with a disparate material. Khelif et a1 53 modeled a two-dimensional band gap structure of steel cylinders in water, and calculated the transmission properties of this lattice, comparing results with solid cylinders to those from hollow cylinders of various wall thickness. With solid cylinders, the band gap extended from 100 kf-z to 200 kHz. With hollow cylinders, the upper band edge was extended to 220 kHz, and a narrow pass band was introduced within the band gap, due to a resonance within the cylinders that interferes with the wave cancellations within the entire lattice. According to -16-their calculations, the frequency of the narrow pass band can be tuned by varying the ratio of the cylinder wall thickness to the cylinder diameter.
Researchers in Hong Kong previously carried out a related experiment 54 in which they constructed a lattice of lead spheres, coated with silicone rubber, embedded in an epoxy matrix (See Fig. 12 ). -17-The bands at 380 and 1350 Hz correspond to wavelengths much longer than the lattice spacing. At 500 Hz (mid-band) the wavelength of a longitudinal wave in epoxy is about 5 m. The observed bands are well below the frequencies characteristic of the lattice spacing of 1.55 cm., and are attributed to the motions of the lead balls within the rubber coatings. The lower band represents the "acoustic" mode, in which the lead spheres vibrate in phase, with the rubber coatings providing the restoring force, and the upper band represents the "optical" mode, in which adjacent spheres vibrate out of phase, compressing the rubber between them. The key conclusion of this paper is that the frequency of these sub-bands only depends on the thickness of the coatings. Mixtures of different coating thicknesses could provide broad regions of low transmission across the acoustic spectrum, in structures that are much smaller than acoustical wavelengths. The authors propose to apply this technology to the construction of compact acoustic barriers.
A Spanish research group has carried out an extensive analysis of such ternary (threecomponent) systems 55 in two dimensions. Their analysis confirms the calculations of Ref 53, and they propose a mechanical analogue consisting of a chain of mass-and-spring resonators, with a pendulum attached to each mass. The dispersion relation of such a system shows the same features as the ternary photonic crystal, with sub-bands whose frequency is determined by the parameters of the locally resonant structures. They also point out that while the local resonance determines the frequency of the sub-bands, the local resonators are weakly coupled through the lattice, so that the propagation characteristics near the local resonance are somewhat sensitive to the lattice structure and symmetry.
A variant of a ternary system has been proposed by another group in Hong Kong 5 6 . Their computations show that the absolute band gap in a hexagonal two-dimensional lattice consisting of aluminum cylinders in an epoxy matrix can be greatly expanded by interspersing air-filled columns between the aluminum cylinders to suppress transverse shear modes. This approach has the advantage of reducing the weight of the structure while improving its performance as a sound barrier.
Band gap materials are also promising for application to ultrasonics. At ultrasonic frequencies in the range from 0.1-1.0 MHz, wavelengths range from 0.3 to 3 mmn in air, 0.1 to 1 cm in water, and 0.5 to 5 cm in steel or aluminum, so band gap materials for ultrasonics are of comparable scale to those used for microwave devices. Essentially all of the attributes of band gap materials observed at microwave and optical frequencies have been reproduced using ultrasonic acoustic and elastic waves. For example, Khelif and colleagues57 have reported the guiding and bending of acoustical waves at frequencies of 220-340 kHz in a 2-dimensional lattice of steel rods immersed in water. Wave guiding was introduced by removing one or two rows of steel rods, and in one case, creating a z-shaped path through the crystal. With one row removed, they observed single mode propagation over a pass band from 250 kHz to 325 kHz, but with two rows removed, two modes were included in the waveguide pass band. Losses through the z-shaped path were less than 5 dB over 70% of the full pass band. Other phenomena that have been observed at ultrasonic frequencies include tunneling within the stop band 5 8 and creation of an acoustical lens due to the effective negative index in regions of strong group velocity dispersion". In the latter case, the authors constructed a phononic crystal by stacking tungsten carbide beads in water. The dimensions were chosen to block transmission of ultrasound at about 1 MHz. There is a narrow region of strong anomalous dispersion at the upper edge of the band gap, where an effective "negative index" is found. Experimental results are shown in Fig. 14 . At 1.57 MHz, the sound waves are strongly focused, while at 1.60 Mhz, no focusing is observed.
-18- A novel experiment demonstrating the universal nature of wave phenomena was carried out by Robertson et a? 6 , who reported sound wave propagation at a velocity one-fourth the nominal speed of sound in air. Sound waves in the range of 1-2 kHz were propagated through an acoustical wave guide consisting of alternating sections of pipe with different radii. The variation in diameter gave rise to periodic reflections, setting up a one-dimensional band-gap structure. A defect was introduced by placing a section of pipe of twice the length of the other pieces in the center of the wave guide, creating a narrow pass band in the center of the band gap. Due to the strong dispersion in the vicinity of the narrow pass band, the group velocity is significantly reduced. The authors propagated an acoustical pulse of sufficient length that its frequency spectrum fell entirely within the defect-generated narrow pass band. By measuring the difference in the pulse propagation time between an unmodulated wave guide and the periodic structure, the authors found that the pulse was slowed to one-fourth of nominal sound speed in the defect section of the waveguide. They propose that this result in analogous to the light speed reduction observed in resonant atomic vapors Elastic waves also propagate along a free surface. Two recent papers discuss the application of band gap structures to the attenuation of surface elastic waves. In Spain, Professor Meseguer and colleagues 62 have studied the propagation of Rayleigh waves across a two-dimensional band gap structure created by drilling a periodic lattice of cylindrical holes in the surface of a marble quarry. They chose to do their experimentation in a marble quarry because it presents wide areas of flat surface, the marble layer is much thicker than the depth of penetration of the surface wave, and it provides a good simulation of earthquake-generated waves on the earth's surface. The lattice consisted of 6-cm diameter holes in both hexagonal and triangular arrays, with lattice spacing of 14 cm. Surface waves were excited by striking the surface with a 1.27-cm diameter steel ball. The excitation spectrum was measured over a frequency range up to 20 kHz. The recorded seismogram showed the presence of longitudinal and transverse (P and S) bulk waves, followed by a sharp Rayleigh peak. The attenuation spectrum showed relatively sharp peaks at the expected Bragg frequencies for this lattice spacing, and also showed broad attenuation regions at low frequencies. The authors discussed using this kind of band-gap structure as a barrier against seismic waves, but it is apparent that the size and scale of the structure required rendered it impractical.
A Korean group 63 proposed the use of band-gap arrays for protection of coastal areas against ocean waves. They measured the attenuation of water waves by both a hexagonal and triangular -19-2-dimensional lattice, at frequencies up to 10 Hz. 20 to 30 dB attenuation was observed over much of the frequency range, although the authors say that a more extensive array would lead to higher attenuation. They propose that a hexagonal lattice with a spacing of 10m would provide protection against most coastal water waves, and would be more eco-friendly than massive solid barriers.
Band-gap structures have many positive attributes for application to acoustic and elastic waves. Readily available materials provide a wide range of parameters, especially mass density and sound speed. Thus, "high contrast" materials can be used to make compact structures. The scale length of acoustic and elastic wave devices is convenient for fabrication, especially for ternary structures, which offer real advantages for extending the stop bands and inserting narrow pass bands. The use of fluid materials can effectively eliminate shear waves, simplifying the structures.
At acoustical frequencies, the use of band gap materials for noise barriers has been extensively studied. Ternary systems offer some possibilities of providing high attenuation at low frequencies, while keeping the barrier at a reasonable size. However, conventional soundabsorbing materials are very effective, and it will be difficult to displace them for most applications. As in the microwave regime, band-gap materials are proposed for use in ultrasonic systems as filters, wave guides, add-drop multiplexers, lenses, and components in detectors and transmitters. At ultrasonic frequencies, band-gap structures may be the preferred approach for some applications, especially those in which frequency selectivity is required.
V. Summary and Conclusions
Research on band-gap materials has been active and growing since its start in 1987. Although a large fraction of the research is aimed toward optical applications, microwave, THz and acoustical applications have been extensively studied, in part due to the fact that construction of band gap materials at these wavelengths is easier and less expensive. Furthermore, as we have shown, there are valid applications of band-gap structures and concepts throughout the electromagnetic and acoustic spectra. The one application that stands out as closest to practical application is in the area of microwave and mm-wave antenna design, where the suppression of surface waves can lead to more compact conformal designs.
After nearly twenty years of study, the scientific community has a much clearer picture of the possibilities and limitations of band-gap materials. Research is still flourishing, and innovation is still taking place, although there appears to be a reduction in funding for new projects. Research in this field provides an excellent training ground for students in physics and engineering, since it combines elements of applied mathematics, wave theory and materials science with practical applications. The field has attracted university research groups all around the world.
At present, apart from the antenna applications, there does not seem to be a "killer application" for band-gap materials. However, there are several areas of application, especially in THz devices, microwave integrated circuits, and possible ultrasonics, where new components and devices based on these structures will become part of the inventory. As we have shown, there is great flexibility in designing band-gap structures, with widely varying materials properties and configurations to choose from. At the wavelengths applicable to microwave and acoustical -20-devices, additional flexibility is provided by using structured elements or ternary configurations, to combine the effects of local resonances with the overall symmetry properties of the crystal.
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